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Abstract The nickel based superalloy IN718 is known to be prone to hydrogen sensitivity, causing 

degradation of its mechanical properties. Therefore, during mechanical testing of hydrogen charged 

samples, a well-defined hydrogen distribution is essential to better understand the influence of 

hydrogen on dislocation movement and plasticity behavior. The possibility of charging cylindrical 

specimens of IN718 with hydrogen using cathodic charging is investigated. The method is based on 

an electro-chemical process using a molten salt electrolyte. The resulting hydrogen concentration is 

measured for various radii, and it is shown that the anisotropic diffusion coefficient resulting from 

electromigration, inherent in the charging method, must be taken into account as it has a major 

impact on the charging parameters of IN718. Also, no evidence of degassing during storage is found. 

Further, changes in surface roughness were examined by SEM, and only limited surface degradation 

is observed, which is not considered to significantly affect the results. 

Keywords: nickelbased superalloys; cathodic hydrogen charging; hydrogen concentration profile; 

hydrogen diffusion; electromigration 

 

1.   Introduction 

Inconel 718, or IN718 is a commercial nickel-chromium-iron based superalloy, which shows 

thermal and mechanical stability with maintained yield strength and fracture toughness in the tem-

perature range of approx. −250 to 650 °C [1]. This precipitate hardening alloy was developed in the 

early 1960s and has gained much use in gas turbine engines, heat exchange tubing and other high-

temperature and high-load applications [2]. The alloy has also found use in environments where high 
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concentrations of hydrogen could be expected, such as natural-gas processing plants and liquid-

hydrogen engines [3]. 

Several studies have been conducted on the hydrogen susceptibility of IN718, and the unanim-

ous conclusion is that IN718 exhibits a degradation in properties because of hydrogen [4,5,6]. The 

fracture surface morphology of IN718 subjected to hydrogen embrittlement, studied with the use of 

high resolution electron microscopes [7,8], gives general observations indicating localized ductile 

fracture. Based on these observations, Hicks and Altstetter [7] suggested hydrogen-enhanced loca-

lized plasticity (HELP) as the mechanism of hydrogen embrittlement in IN718. This mechanism, 

originally proposed by Birnbaum [9], describes the interaction between the solute atmosphere of hy-

drogen and the dislocations in the material. This atmosphere is commonly described as hydrogen 

residing in either normal interstitial lattice sites, or in trap sites. The trap sites for hydrogen could be 

reversible (mobile and immobile dislocations) or irreversible (second phase particles and  

precipitates) [10,11]. Other mechanisms generally describing hydrogen embrittlement, e.g. hydro-

gen-induced decohesion or hydride formation [12], would in IN718 require concentration levels of 

both stress and hydrogen that only, if at all, would be found near a crack-tip. 

To study the effect of hydrogen on the tensile properties of IN718, hydrogen needs to be intro-

duced into the bulk of tensile test specimens. Among the available methods of charging bulk material 

with hydrogen, cathodic charging appears to be the most manageable. Furthermore, the applied elec-

tric potential during cathodic charging gives an improved diffusivity of hydrogen, increasing the ef-

ficiency of charging compared with purely concentration driven methods [13]. Even if the increased 

hydrogen uptake when using cathodic charging is mentioned, the literature lacks charging mechan-

ism details, including a relevant diffusion coefficient and expected diffusion lengths of hydrogen 

when charging IN718 samples [3,7,14,15].  

In the present work, cathodic hydrogen charging of IN718 has been performed. In the following 

section an overall presentation of hydrogen charging is given. In Section 3 details of the charging 

procedures performed are presented. The resulting hydrogen concentration profile has been evaluated 

both theoretically and experimentally, and the extent of any charging induced surface degradation 

has been examined. 

2.   Hydrogen Charging 

Different methods of charging samples with hydrogen have been developed. Gas pressure and 

autoclave methods rely foremost on a constant high pressure of hydrogen gas around the sample to 

be charged. For the autoclave method, this is supplemented with an elevated temperature to decrease 

the charging time, and must be performed in a strictly controlled facility due to the risk of explosion. 

Diffusion based hydrogen charging results in a hydrogen concentration profile that can be described 

by the solution of Fick's second law. For a given material and the above mentioned methods, the 

concentration profile can be altered by varying the parameters of time, temperature and surface con-

centration of hydrogen. To achieve hydrogen concentration homogeneity in tensile test size samples 

of IN718 would require a long holding time or a high pressure of hydrogen together with a high tem-

perature.  
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Cathodic hydrogen charging is another method, which is based on an electrochemical cell, in 

which the sample acts as the cathode and usually a piece of platinum act as the anode, both sub-

merged in an electrolyte. Figure 1 illustrates a typical cathodic charging setup. When an electrical 

potential is applied across the electrodes, the electrolytic solution decomposes and hydrogen ions 

(protons) are produced. The applied potential causes a flux in charge carriers, both in the electrolytic 

solution and in the electrodes. This flux generates a high concentration of hydrogen ions on the sur-

face of the sample. At the same time, the applied potential acts as a complementary driving force for 

diffusion of the hydrogen ions [16]. In addition to being a less volatile charging method, cathodic 

charging is claimed to give a faster buildup of hydrogen and results in a higher, more homogeneous 

concentration in the metal [13]. Varying the charging parameters; temperature, current density and 

time could alter the charging outcome, but this is ultimately limited by the saturation of available 

atomic hydrogen at the sample surface. However, the main variable among the various charging ex-

periments found in the literature is the electrolytic medium. These electrolytes can be diluted solu-

tions, such as H2SO4 in H2O [15] or methanolic solutions with H2SO4 and NaOH, usually together 

with additions of hydrogen recombination inhibitor (NaAsO2, AsO3) and hydrogen adsorption pro-

moter (H2SeO3) [17,18,19]. Charging using aqueous or methanolic solutions must be performed be-

low the boiling temperature of the selected solvent. Undiluted electrolytes are e.g. molten salts, 

which usually have a 1:1 molar ratio of NaHSO4 and KHSO4 [3,13,14] or NaOH and KOH in the 

same ratio [7]. The molten salt electrolytes require a minimum temperature of around 200–250 °C 

for the sulphate salts and around 300–350 °C for the hydroxide salts, in order to melt and fuse. The 

sulphate salt mixture should preferably be held below 350 °C, at which the constituents decompose.  

 

Figure 1. Illustration of a cathodic hydrogen charging setup. 

Criticism of the method has been raised, suggesting that the supersaturation of hydrogen causes 

high concentration gradients between the surface and interior [20], with a corresponding increase in 

stresses and structural damage in the near surface regions, which could result in surface hardening of 
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the charged material. The hardening is further believed to mask the studied hydrogen effect on the 

mechanical properties during a tensile test [20,21]. Another commonly found dubiety regarding all 

the different charging methods is outgassing, in which the introduced hydrogen is believed to vapor-

ize from the sample as soon as the charging procedure ends. 

3.   Materials and Method 

The material to be charged was delivered by Special Metals Wiggin Limited as cold drawn, pre-

cipitation hardened IN718 rods measuring 7.5 mm in diameter of chemical composition given in 

Table 1. As-delivered heat treatment procedures consisted of a solution treatment at 980 °C for 1 h 

before water quenching with a subsequent precipitation heat treatment at 720 °C for 8 h, followed by 

cooling at 50 °C/h to 620 °C, and holding for 8 h. From the rods, samples were carefully lathed down, 

measuring 4.5 mm in diameter and cut to 50 mm in length before being washed with a mild etchant 

and EtOH.  

Reviewing the previously reported charging procedures of IN718, the undiluted electrolytes of 

molten salt [3,7,14] were chosen since they prove to be more time efficient and more likely to yield a 

homogeneous concentration than the solvent diluted solutions [15,22,23]. Following reported 

chargings of IN718 [3,14], the procedure was conducted with the use of a fused salt electrolyte 

consisting of KHSO4 and NaHSO4 in a 1:1 molar ratio, and with a current density of 0.5–0.7 

mA/mm
2
 for 25 h by using a Pt anode. Electrolytes of molted KHSO4 and NaHSO4 salt show a peak 

in electric conductivity between 200–300 °C [24]. Water steam was bubbled through the molten salt 

to provide hydrogen ions as well as to stir the electrolyte, see Figure 1. After the charging was 

complete, the samples were washed once again with the mild etchant and EtOH, before being stored 

dry at room temperature. 

Table 1. Chemical composition of the delivered IN718 (wt.%). 

Ni Cr Fe Nb Mo Ti Al Cu Co Mn Si C P S B 

53.38 18.57 Bal. 5.15 2.97 1.02 0.57 0.23 0.19 0.11 0.08 0.035 0.007 0.002 0.003 

With the purpose of detecting any outgassing of hydrogen after charging, two samples were 

charged at 300 °C with 60 days between them, before being sent for hydrogen measurement analysis 

together with an uncharged reference. Measurement of hydrogen content in the samples was carried 

out at Swerea KIMAB, Sweden, with a LECO Rhen 602 thermal conductivity detection system. This 

method of measurement registers the full content of hydrogen within the sample, and does not distin-

guish between hydrogen located in a trap sites or in a lattice sites. The charged samples were cut into 

three smaller segments corresponding to different depths (z) in the electrolyte, with the topmost seg-

ment being submerged at least 2–3 mm into the molten salt, see Figure 2a. The following charging 

procedures were performed at 250 °C. These samples were cut in a similar manner, but the segments 

were first carefully lathed down to 0.8 and 0.6 times the initial radius, r0 = 2.25 mm, see Figure 2b. 
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Figure 2. Schematic showing how the charged samples were cut in smaller segments (a), 

or lathed and cut (b), before hydrogen measurement, with the purpose of revealing any 

longitudinal or radial concentration gradients. 

To evaluate the extent of surface degradation because of cathodic charging, the surface was ex-

amined using scanning electron microscopy (SEM) in a Hitachi SU-8010 instrument. 

4.   Computed Hydrogen Profile 

The general time dependent diffusion equation (Fick's second law) reads 

 
  

  
         (1) 

where C is the concentration of the diffusing element and D the diffusion coefficient. The diffusion 

coefficient is defined as                 , where R and T are the gas constant and absolute 

temperature, respectively. An activation energy HD for hydrogen diffusion in IN718 of 48.63 kJ/mol 

was assumed [25]. The pre-factor, D0 has a reported range of 1.6–6.16 × 10
−7

 m
2
/s [25,26,27]. These 

reported coefficients are based on results of hydrogen permeation tests on IN718, either by gas  

permeation or electrochemical cells. These results have to be seen as a mixture of hydrogen transport 

both in normal interstitial lattice sites (NILS) and in reversible trap sites. The seemingly wide span of 

the range can be explained by the higher density of trap sites within precipitation hardened compared 

to annealed IN718 [26]. In this evaluation of the charging method there is no direct need to distin-

guish between trap site diffusion and NILS diffusion. For this reason we have chosen a value of D0 = 

4.0 × 10
−7

 m
2
/s, which is close to the results from gas permeation test results and the value used in 

previously perfomed chargings, even if not gas-charged [3,15].  
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To calculate specific concentrations at various diffusion lengths using a solution to Eq. (1), the 

surface concentration of atomic hydrogen must be determined. If hydrogen gas charging methods are 

used, Sievert's law gives a good estimate [16]. However, for cathodic charging methods, the calcula-

tions are more complex. Any analytical solution regarding surface concentration of available hydro-

gen during a cathodic charging process is based on temperature, applied electric potential, proton 

conductivity of the electrolyte, and the electrochemical reaction. As with any charging method, the 

mechanism is also to some extent dependent on the surface chemistry and topology of the sample, as 

this may influence the dissociation rate of molecular hydrogen into atomic hydrogen, before entering 

the sample [28,29,30]. In addition, many of these factors may change during the charging process. 

The complexity of this evaluation and the difficulties of obtaining trustworthy results have been hig-

hlighted in a previous evaluation of the cathodic charging method [20]. In order to estimate the time 

needed for hydrogen to reach the center of the sample during cathodic charging, approximate calcu-

lations based on         are commonly found in the literature. Furthermore, this estimate is based 

on a diffusion constant in which only concentration driven diffusion is considered [3,14,15,31]. This 

results in a grossly overestimated charging time and underestimated diffusion length of hydrogen, 

which could lead to questionable conclusions regarding the hydrogen effect on the embrittlement 

mechanisms [23].  

During cathodic charging, diffusion is not only driven by the concentration gradient, but also by 

electromigration because of the applied electric potential. The calculated potential drop in the length 

of the conducting sample rod is negligible, and its surface could be considered as an isopotential. The 

movement of the charge carriers close to the sample surface (e.g. migrating hydrogen ions), is as-

sumed to follow the electric field in the electrolyte, which is approximately radial. Longitudinal dif-

fusion, perpendicular to this electric field, is thus practically only concentration driven. When elec-

tromigration is considered, the diffusion coefficient is reportedly scaled by the electromigration fac-

tor   [32], which is multiplied by the component j of the charging current density vector j in the di-

rection of the flux, and the sample radius r0. This anisotropic behavior of the diffusion coefficient is 

represented in the computation as a symmetric matrix in cylindrical coordinates with 

              (2) 

and 

       (3) 

The electromigration factor is defined as 

    
    

  
 (4) 

where Z
*
 is the effective charge number of the migrating particle. The resistivity,  , for IN718 at 

300 °C is measured to be around 1.32 × 10
−6

 Ωm [33]. Further, e is the electron charge with  

1.602 × 10
−19

 C, and k is the Boltzmann constant. Z
*
 is a dimensionless, experimentally determined 

parameter, which is a summation of the direct electrostatic force and the electron wind force. For H
+
 

the effective charge number in an NbV alloy was found to be close to unity, and not reported to be 

sensitive to temperature or to variations in alloy composition [34]. No value has to our knowledge 

been reported for H
+
 in Ni-based alloys, but for pure Ni a value of 0.5 has been quoted, and investi-
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gations on various polycrystalline metals as well as several alloys, report values of 0.4–1.6 [35,36]. 

In this work we will assume Z
*
 = 1. 

For evaluations of the anisotropic diffusion process, e.g. were both radial and longitudinal diffu-

sion are considered, a finite volume PDE solver, FiPy, is used [37]. Computations are based on Eq. 

(2–3) in two dimensions, corresponding to an axisymmetric cylidrical grid, with a mesh of 50 × 1000 

squares, all with a side length of 50 μm. A small enough time step is chosen to assure stable solutions. 

Computations are performed for different charging times, in order to show the anisotropic effect 

when electromigration as a driving force is considered. They are solved assuming the same hydrogen 

concentration for both bottom and outside surfaces. The top surface of the sample, representing the 

surface outside the electrolyte, is given a zero concentration of hydrogen. 

Table 2. Parameter values used in the computations. 

Parameter      
                                                             

Used value 4.0×10-7 48.63×103 8.314      1 1.602×10-19 1.32×10-6 1.38×10-23 

5.   Results 

The results are presented in two subsections, divided between the experimental results of 

hydrogen measurement and SEM imaging, and the theoretical results with calculations and 

computations. 

5.1. Charging results 

The hydrogen concentration measurements for the samples charged at 300°C are presented in 

Figure 3. The mean depth in the electrolyte corresponds to the the way the samples were cut (Figure 

2) before measurement. Our charging result does not reveal any clear difference in the hydrogen 

content that can be directly related to the period of time between the charges. As the concentration of 

hydrogen is slightly higher in the samples that had longer holding times between charging and 

analysis, any difference in concentration is believed to be a result of fluctuations in charging 

parameters. This is in good agreement with reported work [38] in which no outgassing of the 

previously introduced hydrogen could be detected for samples stored at room temperature for up to a 

year. Measurements on a reference, uncharged samples, gave a hydrogen concentration of 0.1–0.3 wt 

ppm. 

The results reveal a concentration gradient as a function of depth in the charging electrolyte. 

Based on the resistivity of IN718, the calculated potential drop within the sample from bottom to top 

during charging is negligible. The surface of the sample could therefore be considered as an 

isopotential, and therefore no large longitudinal gradient in the electrical potential is expected and 

therefore is not believed to be the source for the concentration gradient. This analysis does not take 

into account the fact that although the density of positive charge carriers is assumed to be almost 

homogeneous within the length of the sample, there could still be a gradient of positively charged 

hydrogen ions related to other positive charge carriers. This would require an uneven distribution of 
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available hydrogen at the sample surface during charging, which is believed to be the cause of the 

resulting longitudinal concentration gradient. The reason for this thought uneven distribution could 

be an easier evaporation of hydrogen closer to the electrolyte surface. The reported measurements of 

the charging performed at 250 °C can be seen in Figure 4. These samples were lathed and cut 

according to Figure 2b, for radial concentration analysis. The result is normalised according to the 

depth gradient for an easier display of the hydrogen content at different radii in the sample. Because 

of machining issues, the reduced radius could not be evenly divided over the whole sample length. 

Measurements of the concentration for the reduced radius do not provide support for any radial 

concentration gradient. 

 

Figure 1. Measured hydrogen content of samples charged at 300 °C and cut according to 

different depths into the electrolyte. The linear fits have slopes of 0.10 and 0.09 

respectively. 

 

Figure 2. Measured hydrogen content of samples charged at 250 °C, lathed down to 

different radii and cut according to different depths into the electrolyte. The linear fit has 

a slope of 0.15. 
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Electron microscopy imaging of a sample charged at 250 °C and an uncharged reference reveals 

changes in surface topology as a result of the charging
1
. Magnifications are 40x (Figure 5) and 1000x 

(Figure 6) Reviewing the images, the charging induced degradation seems to be surface localized 

with an effective depth of around 10 μm. 

        

a)                                                     b) 

Figure 5. SEM image of the exposed surface of the sample before and after charging, 

marked for clarification. Images recorded at 40x magnification. 

        

b)                                                                  b) 

Figure 6. SEM image of the exposed surface before and after charging, marked for 

clarification. Images recorded at 1000x magnification.  

5.2. Computed hydrogen concentration profile 

With an average current density of 0.6 mA/mm
2
, a charging temperature of 250 °C, a sample 

radius of r0 = 2.25 mm, and with the electromigration parameter values given in Section 4, the 

                                            
1 The observed alteration of the surface topology is likely also responsible for alteration of the surface chemistry. This will to some 

degree change the rate of hydrogen uptake, but any further analysis regarding this change has not been undertaken. 
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diffusion coefficient for radial diffusion is calculated (Eq. (5)). This is almost 12 times larger than 

the coefficient when electromigration is not considered (Eq. (6)). 

                              (5) 

                    (6) 

For a circular symmetrical cylinder of infinite length, where both constant surface concentration, 

Cs, and an initial specimen concentration of zero are assumed, the solution to Eq. (1) is: 

 
 

  
             

   
      

  
 
 

        

 

   

 (7) 

where J0 and J1 are the Bessel-functions of zeroth and first order with            being the 

roots of J0. This solution can be used to calculate the concentration ratio as a function of the radius 

for varying values of the normalised time,  . If electromigration is not considered, the normalised 

time, based on a charging time of 25 h, would in our case be             . Using the modified 

diffusion coefficient,                 , and the experimental charging parameters, instead gives 

       . The resulting concentration profiles for the two cases are shown in Figure 7. With 

electromigration as a driving force, and the charging parameters mentioned the resulting hydrogen 

concentration would be completely homogeneous, which agrees with the experimental measurements 

in Figure 4. If electromigration is not considered, the calculated radial concentration gradient would 

yield a 50% lower concentration of hydrogen at 0.6 r0 than at r0; a case that is not seen in the 

measurement result. 

 

Figure 7. Radial concentration ratio profiles C/Cs, calculated using Eq. (7) for different 

normalised times with electromigration considered (          or not (         . 

The cross-section profiles of the finite volume computation for the charging times of 4 and 25 h 

can be seen in Figure 8a and Figure 8b, respectively. In both computations the experimental 

parameters of Table 2 are used. Based on the measured results of the charging, a hydrogen 
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concentration of 5 wt ppm H is set as boundary conditions for the bottom end and outside surfaces, 

while the top surface has a boundary condition of 0 wt ppm H. The resulting figures are cut in the 

middle for more convenient display. The computations verify the expected hydrogen homogeneity 

for the 25 h charging when electromigration is also a factor. The computation for a 4 h charging time 

reveals the profound effect electromigration has on the diffusion length of hydrogen into the sample. 

In either of the cases, it is evident that the longitudinal gradient found in the measured results can not 

be explained by the additional diffusion from the bottom surface. 

 

Figure 8. Comparative hydrogen concentration computation with either an isotropic D 

(where all diffusion is only concentration driven) or an anisotropic D (where the radial 

diffusion is both concentration and electromigration driven). The computations are 

performed for charging times of 4 h and 25 h in a) and b), respectively. 

6.   Discussion 

Although some literature on charging IN718 with hydrogen using various methods lack mea-

surements of the resulting hydrogen concentrations [15,39,40], Hicks [41] charged IN718 samples 

using atmospheric pressure of pure hydrogen gas and reported a resulting concentration of 40 wt ppm. 

Hicks and Altstetter [7] further reported a concentration of 50 wt ppm, while Liu et al. [3,14,31] 

measured a hydrogen concentration of 20 wt ppm, after charging IN718 samples using cathodic 

charging. Reviewing the measured hydrogen concentration of this study, the charging result is up to 

10 times lower. Even though the charging procedure and parameters used were almost identical to 

the work of Liu et al., the result is almost 4 times lower. Whether this is an effect of the conducted 

charging procedure or the subsequent measurement of introduced hydrogen, is hard to conclude. 

Even if the resulting mean concentration of introduced hydrogen is lower than expected, the hydro-

gen content is still almost 20 times higher than in the uncharged reference sample. Meaning that ap-

proximately all of the measured hydrogen in the charged samples, is a result of the cathodic charging. 
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If the content is high enough to be able to study the effect on the tensile response in general, and the 

HELP mechanism specifically, will be evaluated in coming work. A longitudinal concentration gra-

dient after charging is, to our knowledge, not mentioned in the literature on cathodic charging.  

Loosely introduced hydrogen close to the surface of the sample, most likely escapes as soon as 

the enhanced surface concentration of hydrogen reverts (e.g. the charging procedure is terminated). 

This is followed by a continuous outgassing of hydrogen residing in NILS, which could be difficult 

to detect. The reason for this difficulty is the relatively slow lattice diffusion at room temperature. 

But it can also be explained by the high density of trap sites in precipitation hardening alloys, such as 

IN718 [26], which reduces the amount of hydrogen residing in NILS. 

In the reviewed literature on cathodic charging of IN718, the surface degradation side effect is 

only addressed by Fournier et al. [15], while charging using a H2SO4 solution. Surface degradation is 

not mentioned as problematic in the sense of masking the examination of the hydrogen effect on the 

tensile response. For the reviewed literature on experiments with IN718 cathodically charged in mol-

ten salt, the surface effects are not reported as having any direct effect on tensile test results. Obtain-

ing a relatively high and homogeneous concentration of hydrogen in the sample has on the other 

hand been concluded to alter both the fracture mode and fracture surface topology when conducting 

tensile tests [7,14,41].   

Although the measured results regarding radial distribution cannot be used to explicitly confirm 

the calculations and computations, they give an indication towards radial concentration homogeneity. 

This means that diffusion is not solely concentration driven, and electromigration has to be ac-

counted for. Any validation regarding the electromigration parameters used in connection with the 

experimental results is beyond the scope of this study. As the electromigration factor theoretically 

scales the radial component of the diffusion constant by almost 12 times, the longitudinal component 

of the diffusion constant (e.g. the diffusion from the bottom of the sample) will have little effect on 

the resulting concentration profile. To assume an infinite rod, for easier calculations, can be consi-

dered safe, especially if the length of the sample is appreciably larger than its radius. This means that 

Eq. (7) can be used to optimize the charging time needed to gain the desired outcome. Given the cor-

rosive nature of the charging method, although the degree of impact that this surface degradation has 

on the following mechanical testing is not determined, it is desirable to keep the charging time as low 

as possible. 

7.   Conclusions 

It has been shown that the driving force for hydrogen diffusion during cathodic charging cannot 

solely be explained by a concentration gradient, and that the applied electric potential must be ac-

counted for. This is dealt with by implementing electromigration in the description of the diffusion 

process, which helps to more accurately estimate the required charging time and minimize any un-

wanted side effects of the charging. Furthermore the degradation caused by charging is shown to be 

surface localized and could readily be polished away before any mechanical test is performed, and 

should not alter a tensile test outcome in any substantial way. 
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